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Chapter 3
Brain Delivery of Therapeutics via
Transcytosis: Types and Mechanisms

of Vesicle-Mediated Transport Across
the BBB

Arsalan S. Haqqani and Danica B. Stanimirovic

Abstract Brain delivery of therapeutic antibodies and biologics is restricted due to
the presence of the blood-brain barrier (BBB). However, their delivery can be
improved with the use of “carrier” antibodies that target receptors on the luminal
surface of the BBB which initiate a process termed receptor-mediated transcytosis
(RMT). This review describes key steps and transcellular pathways various BBB-
crossing antibodies undertake to deliver therapeutic cargos into the brain via
RMT. The pathway is initiated with the receptor-mediated endocytosis through
clathrin- and/or caveolin-dependent or independent pathways. Once internalized the
antibodies are routed to various endosomal compartments where decisions are made
regarding their fate during endosomal protein sorting process. During this process
antibodies with specific attributes will be either discarded and degraded in lyso-
somes or rerouted into compartments destined for release on the abluminal surface
of the brain endothelial cells. Different RMT receptors may engage different shut-
tling pathways between the luminal and abluminal sides of the BBB. Based on this
knowledge, antibodies can be engineered to add attributes that facilitate preferential
routing through pathways that result in enhanced BBB crossing.
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Abbreviations

BBB blood-brain barrier

BEC brain endothelial cells

CavE  caveolin-mediated endocytosis

CCp clathrin-coated pit

ccv clathrin-coated vesicle

CIE caveolin- and clathrin-independent endocytosis
CLIC  clathrin-independent carriers

CME clathrin-mediated endocytosis

CNS central nervous system
EE early endosome
EV extracellular vesicle

FcRn neonatal Fc receptor

GEEC  GPI-anchored protein-enriched endocytic compartments
GPI glycosylphosphatidylinositol

IGFIR insulin-like growth factor receptor 1

ILV intraluminal vesicle
Latl large neutral amino-acid transporter CD98
LE late endosome

MVB  multivesicular bodies

RME receptor-mediated endocytosis
RMT receptor-mediated transcytosis
RV recycling vesicle

TfR transferrin receptor

TGN trans-Golgi network

3.1 Introduction

Therapeutic antibodies have emerged as a novel class of targeted and efficacious
biopharmaceuticals, supported by the advancements made in production and down-
stream processing technologies (Schiel et al. 2014; Ecker et al. 2015). However, the
development of antibody therapeutics for diseases of the central nervous system
(CNS) remains challenging, because access of therapeutic antibodies to the brain
tissue is highly restricted by a tightly sealed layer of endothelial cells in brain
microvessels that form the blood-brain barrier (BBB). Improved delivery into the
brain can be achieved by using BBB carrier antibodies that bind to receptors
expressed on the luminal surface of brain endothelial cells (BEC), shuttle to, and
release at the abluminal side in a process termed receptor-mediated transcytosis
(RMT). These BBB-crossing antibodies can be engineered into various formats of
bi- or multi-specific antibodies where the BBB carrier “arm” enables delivery of the
therapeutic antibody “arm” to its target within the brain (Stanimirovic et al. 2014).
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Whereas enhanced brain delivery and pharmacological actions on brain targets
have been shown for several BBB carriers in experimental animal models, the
knowledge of key transcellular pathways they engage while translocating from the
luminal to the abluminal side of BECs is still sparse. Further understanding of intra-
cellular compartments and molecular networks BBB-crossing antibodies mobilize
during transcytosis is necessary to inform antibody engineering that favor more
efficient release pathways.

In this chapter, we describe details of some of the known and emerging pathways
involved in the RMT of BBB-crossing antibodies against different BBB receptors.

3.2 Receptor-Mediated Transcytosis

RMT is a multistep process that involves receptor-mediated endocytosis (RME) of
macromolecules at one surface of a polarized cell, followed by their endosomal
sorting, and eventual exocytosis at another surface (usually the opposite side) of the
cell. Naturally occurring macromolecules utilize the RMT process to bypass various
physiological barriers in the body. The informative examples include transferrin and
insulin proteins that engage their respective brain endothelial cell receptors, trans-
ferrin receptor (TfR), and insulin receptor (IR), to gain access to brain parenchyma
via a transcellular transport. As a result, RMT receptors are attractive targets to
develop molecular Trojan horses for delivery of macromolecule therapeutics across
the BBB. Antibodies and peptides to several RMT receptors (Table 3.1) have been
developed including various antibody formats against TfR (Pardridge et al. 1991; Yu
et al. 2011, 2014; Niewoehner et al. 2014), humanized IgG against IR (Coloma

Table 3.1 Mechanisms of endocytosis, endosomal trafficking, and exocytosis of BBB crossing of
antibodies targeting RMT receptors

RMT
receptor Endocytosis Endosomal trafficking Exocytosis
TfR Predominantly EE and MVB (low affinity or Sorting tubules,
CME. CavE for monovalent ligand); LE, recycling vesicles,
receptor recycling lysosomes (high affinity or MVB/exosomes,
bivalent ligand) others
IR Both CME and CavE | EE and MVB MVB/exosomes,
others
LRP1 Both CME and CavE | EE and MVB MVB/exosomes,
others
TMEM30A | Predominantly CME | EE and MVB (enhanced for Recycling vesicles,
complex fc-containing ligands) MYVB/exosomes,
others
CD98 Likely CLIC/GEEC Unknown Unknown
IGFIR CME EE and MVB (monovalent MVB/exosomes,
single-domain antibodies) others
GLUTI1 Unknown Unknown Unknown
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et al. 2000; Boado et al. 2010), antibodies against the heavy subunit of the large
neutral amino-acid transporter CD98 (Latl) (Zuchero et al. 2016), LRP1-targeting
Angiopep2 polypeptide (Xin et al. 2011), species cross-reactive camelid single-
domain antibody FCS5 that binds a glycosylated epitope of TMEM30A complex
(Abulrob et al. 2005; Stanimirovic et al. 2014; Farrington et al. 2014; Webster et al.
2016), and humanized camelid antibodies against IGF1R (Stanimirovic et al. 2017,
Ribecco-Lutkiewicz et al. 2018). To better understand how these carriers cross the
BBB, we need to dissect various steps involved in the RMT pathway, namely, endo-
cytosis, endosomal sorting, and exocytosis.

3.2.1 Endocytosis

Endocytosis is the uptake of proteins, lipids, extracellular ligands, and soluble mol-
ecules, such as nutrients, from the cell surface into the cell interior by endocytic
vesicles. While small molecules are absorbed into cells through passive diffusion or
transporter-mediated pathways, most macromolecules enter the BBB through endo-
cytosis. The main types of endocytosis include macropinocytosis and micropinocy-
tosis; the latter further distinguishes clathrin-mediated endocytosis (CME),
caveolin-mediated endocytosis (CavE), and caveolin- and clathrin-independent
endocytosis (CIE). A majority of anti-RMT receptor antibodies have been shown to
engage the CME pathway (also traditionally referred to as the RME pathway) to
enter the BBB, although other pathways could be engaged through various anti-
body/ligand displays. The graphical depiction of various endocytosis pathways
described in more detail in the subsequent sections is shown in Fig. 3.1.

Macropinocytosis Macropinocytosis is a regulated form of endocytosis that per-
mits non-selective internalization of solute molecules, nutrients, and antigens from
extracellular fluids. It is an actin-dependent process initiated from surface mem-
brane ruffles that give rise to large endocytic vesicles of 200-5000 nm in size,
known as macropinosomes (Recouvreux and Commisso 2017). The macropinocy-
tosis route is thought to be an effective mechanism for delivery of natural or syn-
thetic particles such as exosomes and nanoparticles, typically ranging in size
between 50 and 300 nm and containing plasmid DNA, siRNA, or proteins as pay-
loads (Itakura et al. 2015; Ha et al. 2016; Chen et al. 2016a; Desai et al. 2019).
Although smaller macromolecules such as antibodies present in the extracellular
fluids may randomly internalize into cells during the macropinocytosis of larger
particles, there is a lack of evidence for selective (receptor-mediated) uptake of
antibodies via this pathway at the BBB (Itakura et al. 2015; Kéhri et al. 2019). On
the other hand, since exosomes may utilize macropinocytosis as one way of entering
the BBB (Chen et al. 2016a) and display/contain several RMT receptors (Haqqani
et al. 2013), anti-RMT receptor antibodies bound to exosomes may also enter the
BBB via the macropinocytosis pathway.
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Fig. 3.1 Endocytosis of macromolecules. Schematic representation of the main pathways that
macromolecules (such as antibodies) can undertake to enter cells. (a) Macromolecules present in
the extracellular fluids may internalize randomly during the macropinocytosis of larger particles or
as bound to exosomes and give rise to endocytic vesicles called macropinosomes. (b) Clathrin-
mediated endocytosis involves binding of macromolecules to their receptors followed by forma-
tion of clathrin-coated pits that bud into endocytic vesicles called clathrin-coated vesicles (CCV),
taking in both the receptor and the bound macromolecule. (¢) Caveolin-mediated endocytosis pro-
cess involves formation of cave-like surface invagination following macromolecule-receptor inter-
action that internalizes into endocytic vesicles called caveolae. (d) Endocytosis that neither
involves clathrin nor caveolin mechanisms usually occurs via the formation of flotillin-regulated
lipid rafts resulting in endocytic vesicles called clathrin-independent carriers (CLIC) or GPI-
anchored protein-enriched endocytic compartments (GEEC). Once internalized via these endo-
cytic pathways, these vesicles are routed to various endosomes for further sorting

Clathrin-Mediated Endocytosis CME is the most extensively studied and best
understood type of endocytosis. It is also the main pathway for RME because the
process is activated when a ligand binds to its receptor on the cell surface. CME



76 A. S. Haqqani and D. B. Stanimirovic

itself is a multistep process that starts, following receptor activation, with the forma-
tion of clathrin-coated pits (CCPs) on the inner surface of the plasma membrane and
involves recruitment of a large endocytic protein machinery, consisting of clathrin
and over 50 additional cytosolic proteins. The pit then buds into endocytic vesicle
of 85-150 nanometer in diameter called clathrin-coated vesicle, taking in both the
receptor and the bound ligand. The vesicle then undergoes un-coating and fuses
with early endosomes to release its contents (Conner and Schmid 2003).

Known RMT receptors and BBB-crossing antibodies against these receptors
have been shown to internalize primarily through the CME pathway. TfR, the most
studied RMT receptor, has been shown to co-localize with clathrin pits/protein by a
variety of methods, including immunochemistry, live imaging, subcellular fraction-
ation, and proteomics (Liu et al. 2010; Mayle et al. 2012; Villasefior et al. 2017,
Haqqani et al. 2018a, b). However, the BBB crossing efficiency of TfR antibodies
varies depending on their design and affinity; for example, high-affinity bivalent
TfR antibodies show poor exocytosis and abluminal release, whereas medium-
affinity and monovalent TfR antibodies demonstrate efficient transcytosis and
improved brain exposure (Niewoehner et al. 2014; Bien-Ly et al. 2014; Webster
etal. 2017; Thom et al. 2018b; Haqqani et al. 2018b). Interestingly, immunofluores-
cence and live imaging demonstrated that both a weak and a strong BBB-crossing
anti-TfR antibodies (bivalent dFab and monovalent sFab, respectively) co-localized
with clathrin protein (Sade et al. 2014; Villasefor et al. 2017). Similarly, bivalent
anti-TfR OX26 antibodies of varying affinities and BBB-crossing efficiencies were
all shown to co-localize with clathrin fractions using targeted quantitative mass
spectrometry after subcellular fractionation of the rat brain endothelial cells
(Haqgqgani et al. 2018b). These studies collectively suggest that the initial step of
internalization through CME is common for all TfR antibodies regardless of their
transcytosing efficiency, which is likely determined by the subsequent differential
sorting through different intracellular routes.

IR has also been shown to co-localize with CME pathway by electron micro-
scopic autoradiography in combination with inhibitors of CCP formation (Fan et al.
1982; Paccaud et al. 1992). However, IR may also internalize via non-CME path-
ways (McClain and Olefsky 1988; Gustavsson et al. 1999; Fagerholm et al. 2009).
Similarly, Angiopep2, a polypeptide shown to cross BBB likely by engaging LRP1,
was shown to use both CME and non-CME pathways. An uptake of the fluores-
cently labeled Angiopep2 into BECs was only moderately reduced in the presence
of inhibitors of CCP formation (Xin et al. 2011). FC5, a BBB-crossing single-
domain antibody engaging RMT receptor complex containing TMEM30A, was
shown to internalize via clathrin-coated vesicles, blocked by inhibitors of CME
pathway (Abulrob et al. 2005); in addition, both the receptor and the antibody co-
localized with clathrin fractions (Abulrob et al. 2005; Haqqani et al. 2018a) by
immunostaining and quantitative mass spectrometry.

Collectively these studies suggest that the CME pathway is the most common
route that RMT receptors and their antibodies take to enter cells via endocytosis.
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Caveolin-Mediated Endocytosis Caveolae are usually defined as small cave-like
surface invaginations of 50—100 nm in diameter and have been shown to mediate
vesicular transport and cell signaling (Sprenger et al. 2006). Caveolae are not pres-
ent in all cell types but are found abundantly in ECs and aid in regulating numerous
endothelial functions such as transcytosis, vascular permeability, and angiogenesis
and can serve as docking sites for glycolipids and GPI-linked proteins, as well as for
various receptors and signaling molecules (Sprenger et al. 2006). Caveolin-1, the
main protein component of these structures, functions as a scaffolding protein and
as a potential cholesterol sensor, regulating raft polymerization and lipid trafficking
(Pohl et al. 2004; Song et al. 2007). The CavE pathway has been implicated in BBB
transcytosis of IR and LRP1 ligands. In a series of experiments using cell fraction-
ation, western blotting, and immunoprecipitation (Fagerholm et al. 2009), IR inter-
nalization was shown to occur via CavE pathway and to be insensitive to inhibitors
of CCP formation. Similarly, cellular uptake of the fluorescently labeled anti-LRP1
polypeptide Angiopep2 was reduced by >70% in the presence of inhibitors of cave-
olae (Xin et al. 2011).

Interestingly, while anti-TfR antibodies have been shown to use the CME path-
way for internalization/initialization of the RMT process, several studies have dem-
onstrated the role of caveolin in recycling of various receptors, including TfR, on
the apical side of polarized epithelial cells (Pol et al. 1999; Gagescu et al. 2000;
Hansen et al. 2003; Lapierre et al. 2007; Leyt et al. 2007). The receptor recycling to
the apical side is an essential step in maintaining their levels at the luminal mem-
branes in order to allow continuous entry and shuttling of ligands through polar-
ized cells.

CavE pathway has also been implicated in the transcytosis of other macromole-
cules such as lipids, likely regulated by a protein called major facilitator super fam-
ily domain containing 2a (Mfsd2a). Ben-Zvi and co-workers identified Mfsd2a in a
BBB-specific gene screen and demonstrated that Mfsd2a(—/—) mice have a leaky
BBB with a dramatic increase in CNS-endothelial-cell vesicular “bulk” transcytosis
from embryonic stages through to adulthood (Ben-Zvi et al. 2014). Furthermore,
through unbiased lipidomic analysis in Mfsd2a transgenic mice, they demonstrated
that Mfsd2a may act by suppressing lipid transcytosis likely via downregulation of
caveola formation in CNS endothelial cells (Andreone et al. 2017).

Caveolin and Clathrin-Independent Endocytosis (CIE) Macromolecule endo-
cytosis has also been shown to occur through membranes that do not contain either
clathrin or caveolin protein. The molecular understanding of the steps involved in
the CIE pathway is still in its infancy relative to the vast information known for
CME and CavE pathways. The main CIE mechanism that has emerged is the
clathrin-independent carrier (CLIC) pathway, also known as the glycosylphosphati-
dylinositol (GPI)-anchored protein-enriched endocytic compartments (GEEC). The
CLIC/GEEC pathway internalizes GPI-anchored proteins, CD44, and some integ-
rins as well as large volumes of fluid and extracellular material that do not have
surface receptors (Ferreira and Boucrot 2018). The endocytosis process likely
involves a formation of lipid rafts that are regulated by scaffolding protein flotillins,
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which are believed to stabilize lipid-raft microdomains in phagocytic, caveolin, and
non-caveolin-containing membranes (Dermine et al. 2001; Vercauteren et al. 2011).
However, there is limited evidence of RMT receptors (or their antibodies) internal-
izing via the CLIC/GEEC pathway. While both IR and LRP1 have been shown to
co-localize with flotillins (Roura et al. 2014; Boothe et al. 2016), the endocytosis is
more likely occurring via the CavE pathway as discussed above. A glycoprotein
CD98 (SLC3A2) which hetero-dimerizes with SLC7AS to form large neutral amino
acid transporter LAT1 highly enriched in the BBB has been shown recently to shut-
tle anti-CD98 antibodies into the brain in vivo (Zuchero et al. 2016). This receptor
likely utilizes the CLIC/GEEC internalization pathway since it is a GPI-anchored
protein. In fact, CD98 has been shown to internalize via CIE pathway with novel
downstream sorting mechanisms that may be independent of the widely known sort-
ing at the EE (Eyster et al. 2009).

3.2.2 Sorting Through the Endosomes

Once receptors and their associated macromolecules are internalized via one of the
endocytosis pathways, they are routed to various endosomes where decisions are
made regarding their fate during processes known as endosomal protein sorting,
graphically shown in Figs. 3.2 and 3.3. The main sorting stations in the cells include
the early and late endosomes (Scott et al. 2014).

Early Endosome All internalized vesicles are first fused to a common early endo-
some (EE), which functions as the first key sorting station in the cell. Here the cell
makes a major decision: Are the cargo and membrane components of the vesicles
worth keeping or should they be sent to late endosome (LE)/lysosome for degrada-
tion? If the cargo is to be degraded, it goes through the process of early-to-late endo-
some maturation. This involves the cargo being concentrated in specific regions of
the EE membranes that are pinched off to form endosomes that mature into multi-
vesicular bodies (MVBs) and eventually fuse with LEs (Scott et al. 2014; van
Weering and Cullen 2014). However, if the cargo does not need to be degraded, it is
concentrated in a network of tubular EE subdomains leading to the formation of
sorting tubules (Maxfield and McGraw 2004), which are recycled back to the plasma
membranes or to the biosynthetic pathway at the level of the trans-Golgi network
(TGN). The events in the sorting processes in EEs have been studied in detail at the
molecular level and shown to involve an array of protein complexes that direct traf-
ficking events to the appropriate destination (see reviews Scott et al. 2014; van
Weering and Cullen 2014; Naslavsky and Caplan 2018). There is strong evidence
that RMT receptors, including TfR (Sade et al. 2014; Niewoehner et al. 2014;
Bien-Ly et al. 2014; Haqqani et al. 2018b), IR (Hunker et al. 2006), LRP1 (Tian
et al. 2015; Haqqani et al. 2018a), and TMEM30A (Haqqani et al. 2018a), predomi-
nantly co-localize with EEs, especially when incubated with their respective anti-
bodies that are strong BBB crossers. It is still not well understood how the cell
decides whether a specific RMT receptor or its bound ligand should be sent for
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Fig. 3.2 Endosomal sorting of antibodies during the receptor-mediated transcytosis (RMT).
Shown is a schematic depiction of intracellular trafficking pathways triggered by anti-RMT recep-
tor antibodies at the BBB. Once the antibody binds to its receptor, expressed on the luminal mem-
branes, it triggers internalization of the antibody-RMT receptor complex into endocytic vesicles
via one of the endocytosis pathways, including extracellular vesicle (EV)- based endocytosis.
While most endocytic vesicles fuse to early endosomes (EE), others (such as those containing
EVs) may fuse to multivesicular bodies (MVB). In EE, it is decided whether the antibody will
recycle back to the luminal side, be degraded, or undergo exocytosis at the abluminal side.
Typically recycling vesicles (RV) will recycle the RMT receptor (with or without antibody) back
to the luminal side, whereas MVB will receive cargo from EE for degradation or exocytosis. For
degradation, the cargo is sent to late endosomes (LE) and lysosomes. Exocytosis may occur
through multiple routes from EE: directly from vesicles (e.g., sorting tubules), via trans-Golgi
network (TGN), or via a direct fusion of MVBs with abluminal membrane

degradation or rerouted for exocytosis, although some factors that may favor BBB
cells to exocytose rather than degrade antibodies have been identified and will be
discussed in the next section.
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Fig. 3.3 IGFIR VyH co-localization with endocytic vesicles in BEC. (a) Co-localization of the
BBB-crossing IGFIR VyH antibody with markers of early endosomes (EE) and late endosomes
(LE)/lysosomes in subcellular fractions of SV-ARBEC cells as determined by mass spectrometry.
Graph shows relative levels of the antibody, EE markers (e.g., Rab5a, Eeal), and LE/lysosome
markers of late endosomes (e.g, Rab7, Lampl, Lamp2) in each cellular fraction. (b)
Co-immunofluorescence detection of IGF1R VyH antibody and Rab5a and Rab7a markers

Multivesicular Bodies MVBs are spherical endosomal organelles containing a
number of intraluminal vesicles (ILVs) formed by inward budding of the limiting
membrane into the endosomal lumen (Zhang et al. 2019). MVBs have traditionally
been considered intermediate endosomes between EE and LE, as they are formed
from maturation of EE-released ILV-containing vacuoles that may eventually fuse
with LE to deliver the content for degradation (van Weering and Cullen 2014;
Naslavsky and Caplan 2018). MVBs are now known to have multiple subpopulations
(van Niel et al. 2001; White et al. 2006; Tauro et al. 2013; Chen et al. 2016b;
Haqgqani et al. 2018a) and to be involved in numerous additional endocytic and traf-
ficking functions including biogenesis and routing of ILVs to and from the plasma
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membrane to membranes of other organelles (Von Bartheld and Altick 2011;
Colombo et al. 2014). The ILVs when released extracellularly are referred to as
exosomes, which have recently emerged as natural therapeutic-delivery vehicles; a
number of studies have shown that exosomes can cross the BBB and deliver thera-
peutics into the brain (Zhuang et al. 2011; Alvarez-Erviti et al. 2011; Chen et al.
2016a; Matsumoto et al. 2017). Through proteomic analysis of exosomes derived
from BEC, we found that they are enriched with known RMT receptors including
TfR, IR, TMEM30A, and others (Haqqgani et al. 2013). We have proposed that a
subpopulation of MVBs may play a key role as “transcytosing endosomes” traffick-
ing between the apical and basolateral membranes and helping transport exosome-
bound ligands from the luminal to the abluminal side of BEC (Haqqgani et al.
2013, 2018a).

Late Endosomes and Lysosomes LE functions as a second trafficking hub in the
endosomal system and as a last sorting station in the membrane trafficking cycle to
and from lysosomes (Huotari and Helenius 2011; Raposo and Stoorvogel 2013;
Bissig and Gruenberg 2014). In fact, live-cell imaging has shown that LEs and lyso-
somes frequently interact by “kiss-and-run” events and by direct fusion, resulting in
the formation of hybrid organelles, in which the degradation of endocytosed macro-
molecules occurs and from which lysosomes are re-formed. Although LEs and lyso-
somes can be distinguished by their physical properties and ultrastructure (Scott
et al. 2014), two organelles are difficult to differentiate molecularly — both contain
highly sialylated membrane proteins LAMP1 and LAMP2 that form a protective
glycocalyx lumen against degradative enzymes. Receptors, ligands, and other pro-
teins that need to be downregulated are sorted out of the EE and fused to LE via
intraluminal vesicles (Scott et al. 2014). Several studies have shown that higher co-
localization of RMT receptors or their ligands with LE markers is associated with
their lysosomal degradation at the BBB (Sade et al. 2014; Niewoehner et al. 2014;
Haqqani et al. 2018a, b), a mechanism that is considered key for regulating surface
expression of RMT receptors. However, not every cargo from LE is sent to lyso-
somes for degradation, because the LE are empowered to make the last decision; for
example, in response to incoming signals via other pathways, LE can divert the
cargo to other destinations, including the TGN, MVBs, plasma membrane, or even
to cytoplasm via endosomal escape (Huotari and Helenius 2011; Raposo and
Stoorvogel 2013; Bissig and Gruenberg 2014; Scott et al. 2014; Tashima 2018).
Similar to EE, it is not well understood what regulates LE fusion with lysosomes to
enact the final degradation of a specific RMT receptor or its bound ligand.

Antibody Trafficking Through the Endosomes There is a compelling body of
evidence showing that poor BBB-crossing anti-RMT receptor antibodies are tar-
geted for degradation through the LEs and lysosomes, while efficient BBB-crossing
antibodies predominantly traffic through the EEs. Comparing intracellular localiza-
tion of a poor BBB-crossing (high-affinity) anti-TfR* antibody and an efficient
BBB-crossing (low-affinity) anti-TfRP antibody using immunofluorescence studies,
Watts and co-workers showed that while both antibodies co-localize with EE marker
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EEALI, poorly crossing anti-TfR* showed more co-localization with lysosomal
marker LAMP1 compared with efficient crosser anti-TfRP antibody (Bien-Ly et al.
2014). Similarly, using high-resolution imaging, Freskgard and co-workers demon-
strated that a non-BBB-crossing (bivalent) anti-TfR dFab antibody is preferentially
co-localized with LAMPI1, compared to an efficient BBB-crossing (monovalent)
anti-TfR sFab antibody (Niewoehner et al. 2014). We recently evaluated localiza-
tion of a number of bivalent anti-TfR OX26 affinity variants showing varying
BBB-crossing efficiency in subcellular fractions of the rat brain endothelial cells
using both targeted quantitative mass spectrometry and immunofluorescence
(Haqqani et al. 2018b). While the parental high-affinity OX265 along with TfR co-
localized with multiple LE and lysosomal markers, the medium-affinity OX264¢ and
0X26,43 antibodies, along with TfR, routed predominantly into the early/recycling
endosomes and demonstrated efficient BBB crossing (Haqqani et al. 2018b).

Additional evidence supporting the relevance of trafficking through the EE for
BBB crossing comes from the extensive characterization of species cross-reactive
camelid single-domain antibody, FC5 (Tanha et al. 2002; Abulrob et al. 2005;
Farrington et al. 2014; Haqqani et al. 2018a). FCS5 has been shown to deliver various
therapeutic payloads, including peptides and antibodies, to their CNS targets
(Farrington et al. 2014; Webster et al. 2016). By examining subcellular distribution
of FC5 in rat brain endothelial cells using both targeted quantitative mass spectrom-
etry and immunofluorescence, FC5 enrichment was observed in EEs and a subpopu-
lation of molecularly distinct MVBs with a small proportion being routed to LEs
and lysosomes (Haqqani et al. 2018a). Interestingly, FC5 fusion to Fc further
enhanced the EE/MVB enrichment, reduced LE/lysosome levels, and increased
BBB crossing (Haqqgani et al. 2018a). In contrast, a low level of internalized non-
BBB-crossing single-domain antibodies, with or without Fc, showed enrichment in
LEs/lysosomes and depletion from EEs (Haqqani et al. 2018a).

Similar studies with the BBB-crossing camelid VyH against insulin-like growth
factor receptor 1 (IGFIR) (Stanimirovic et al. 2017; Ribecco-Lutkiewicz et al.
2018) revealed a slightly different routing path. IGF1R VyH, after internalizing rat
BEC via a CEM pathway, co-localized with the high-density, EE marker-containing
subcellular fractions, with further enrichment in the higher density fractions, previ-
ously identified as a subset of MVBs (Fig. 3.3a; Haqqani et al. 2018a). No co-
localization of internalized IGFIR VyH with the LE marker Rab7a (Fig. 3.3b), and
a significant co-localization with Rab5a-containing vesicles (Fig. 3.3c), indicative
of EE, was also observed by immunofluorescence detection.

These results collectively strengthen the hypothesis that the lysosomal degrada-
tion is a key downstream mechanism by which BECs restrict antibody access to the
brain and that BBB-crossing antibodies bypass this pathway and instead follow the
EE/MVB route toward exocytosis.
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3.2.3 Exocytosis to the Abluminal Side

The last step of the RMT process involves BBB-crossing antibodies exiting the
endosomal pathway and being released on the basolateral side of the barrier. This
process is probably the least understood among different RMT steps. Molecules in
the EEs that do not need to be degraded are concentrated in a network of tubular EE
subdomains leading to the formation of sorting tubules, which are destined for the
plasma membrane, MVBs, or TGN, thereby avoiding lysosomal degradation
(Maxfield and McGraw 2004; Grant and Donaldson 2009). In fact, using live-cell
imaging, it was recently shown that an efficient BBB-crosser anti-TfR sFab local-
ized to sorting tubules, whereas non-BBB-crosser anti-TfR dFab had been size-
excluded from these tubules due to receptor cross-linking facilitated by a bivalent
receptor binding (Villasefior et al. 2017). Based on these and our own observations,
we postulate that these sorting tubules are either (i) recycled back to the plasma
membranes, (ii) evolve to ILV-containing vacuoles and fuse to the MVBs, or (iii)
fuse to the TGN. Although recycling of vesicles to plasma membrane is usually
believed to be back to apical membranes, similar mechanism may unfold for their
movement to the basolateral side for transcytosis. Consistent with this assumption,
we have shown that the BBB-crossing FC5 antibody co-localizes with recycling and
exocytosing MVBs (Haqqani et al. 2018a), which is different to anti-TfR sFab that
was found to undergo transcytosis by avoiding receptor cross-linking and lysosomal
degradation (Villasefior et al. 2017). Mechanisms of exocytosis from both MVBs
and TGN have been previously described (Jaiswal et al. 2009; Von Bartheld and
Altick 2011; Colombo et al. 2014). MVBs may directly fuse with the basolateral
membranes and release the RMT receptor-bound antibodies to the abluminal side of
the barrier. On the other hand, the TGN is well known to secrete newly synthesized
molecules via exocytotic and secretory vesicles which fuse to the plasma mem-
branes and release their content (Jaiswal et al. 2009). Similar mechanisms may also
be involved in exocytosis of antibodies via TGN. A summary of reported pathways
for endocytosis, trafficking, and exocytosis for antibodies targeting BBB RMT
receptors is shown in Table 3.1.

3.3 Antibody Attributes That Favor Transcytosis: Designing
more Efficient BBB Carriers

Increasing transcytosis efficiency of carrier antibodies developed against BBB
RMT receptors could be accomplished by antibody engineering strategies that
direct the antibody into endocytic pathways favoring transcytosis instead of lyso-
somal degradation. Through TfR and FC5 antibody engineering efforts, several
antibody attributes that increase the efficiency of BBB crossing have been identi-
fied. Many of these are based on specific structure-function relationships that guide
antibody docking and binding to its receptor, whereas some others are based on the
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intracellular milieu that antibody faces while traveling through endocytic pathways.
Some of these factors include ligand-receptor affinity, pH sensitivity of ligand-
receptor interactions, antibody valency, Fc format, and antibody position in the con-
struct (Niewoehner et al. 2014; Bien-Ly et al. 2014; Villasefior et al. 2017; Haqqani
et al. 2018a, b). Here we describe evidence that these factors have resulted in
increased BBB permeability, although it should be noted that the factors might be
receptor specific since different receptors undertake different RMT pathways for
transporting ligands across the BBB (Table 3.1).

Ligand-Receptor Affinity A number of studies have demonstrated that manipu-
lating the binding affinity between the carrier antibody and its RMT receptor results
in enhanced BBB permeability of the carrier. The strongest evidence exists for anti-
TfR antibodies, where several studies have shown that the high-affinity binding to
TfR results in receptor cross-linking and lysosomal degradation, whereas a
moderate-affinity binding to TfR results in enhanced antibody transcytosis. Watts
and co-workers compared BBB crossing of two bispecific antibodies with different
binding affinities to TfR, where each antibody had an anti-TfR arm and an anti-
BACEI arm; the low-affinity anti-TfRP antibody showed a significantly enhanced
BBB crossing compared to the high-affinity anti-TfR”* antibody as demonstrated by
labeling experiments both in in vitro and in vivo (Bien-Ly et al. 2014). In addition,
live imaging and co-localization experiments demonstrated that high-affinity anti-
body facilitated degradation of TfR by directing it to lysosomes, resulting in down-
regulation of TfR in the BBB and reduced brain exposure to a second dose of the
BBB-crossing, low-affinity TfR antibody (Bien-Ly et al. 2014). Similarly, in studies
with affinity variants of the rat-specific anti-TfR antibody OX26 using a label-free
mass spectrometry method that allows simultaneous quantification of antibodies,
their receptors, and endosomal markers (Haqqani et al. 2018b), lowering the affinity
of OX26 antibody resulted in rerouting of both the TfR and the antibody away from
LE and lysosomes and toward the EE/recycling vesicles. OX26 antibodies with
affinity range of 70-100 nM displayed a significantly higher BBB transcytosis in a
BBB model in vitro (Haqqani et al. 2018b), as well as higher brain penetration in
animal studies (Thom et al. 2018a), compared to a parental OX26 having affinity of
5 nM. Other studies have been able to similarly improve the BBB penetration of
anti-TfR antibodies in different formats by lowering their affinities (Webster et al.
2017; Johnsen et al. 2018; Karaoglu Hanzatian et al. 2018). It is important to note
that the optimal affinity range for maximal transcytosis is different for each TfR
antibody, likely because each antibody engages different receptor epitopes. Medium-
affinity TfR antibodies also show improved serum pharmacokinetics, resulting in
longer brain exposure (Yu et al. 2011; Thom et al. 2018b). However, lowering affini-
ties below the optimal range results in poor receptor engagement and low brain
exposure (Yu et al. 2011; Thom et al. 2018b). These studies demonstrate that the
optimization of binding affinities between the carrier antibody and its RMT receptor
may result in improved efficiency of transcytosis and enhanced brain delivery.
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Antibody Valency Many membrane receptors exist as dimers either at resting state
or they dimerize in response to mono- or bivalent ligand binding (De Meyts et al.
1995; Terrillon and Bouvier 2004; Eckenroth et al. 2011). The latter may result in
activation of the receptor, leading to signaling cascades and subsequent physiologi-
cal effects mediated by the receptor. The latter is not a desirable action for BBB
carrier antibodies, which aim not to disturb physiological activation/function of the
receptor. Among RMT receptors, TfR, IR, and IGFIR are known to dimerize either
at resting state or in response to ligand exposure (De Meyts et al. 1995; Eckenroth
et al. 2011). To avoid receptor cross-linking and activation by bivalent antibodies,
both monovalent and bivalent antibodies have been developed and tested for TfR,
FC5, and IGF1R. Freskgard and co-workers engineered a high-affinity anti-TfR
antibody at the C-terminus of an anti-amyloid beta antibody in either a bivalent
(dFab) or monovalent (sFab) format (Niewoehner et al. 2014). While the bivalent
dFab antibody failed to cross the BBB and led to lysosomal degradation, the mon-
ovalent sFab antibody exhibited facilitated BBB crossing, localization in sorting
tubules, and reduction of amyloid deposits in a mouse model of Alzheimer’s disease
(Niewoehner et al. 2014; Villasefor et al. 2017). Similarly, a monovalent fusion of
IGFIR VyH to Fc resulted in improved BBB transcytosis in vitro, compared to the
bivalent IGFIR VyH-Fc (unpublished observation).

Influence of antibody valency on BBB transcytosis has also been tested for FC5
(Farrington et al. 2014; Haqqani et al. 2018a). TMEMB30A, a putative FC5 receptor,
is not known to dimerize but is presented as a heteromeric flippase complex of mul-
tiple proteins (Wang et al. 2018). When monomeric FC5 VyzH was compared with
monovalent FC5Fc or bivalent FC5Fc, the bivalent format showed enhanced BBB
permeability in vitro and improved brain exposure and pharmacodynamic effects
in vivo (Farrington et al. 2014). Bivalent FC5Fc also displayed stronger partitioning
in EE and MVBs in BEC compared to monovalent FC5Fc (Haqqani et al. 2018a).
Thus, engineering antibody valency is an important strategy to consider when
designing BBB-crossing antibodies, as it could trigger either desired facilitation of
receptor traffic or undesired receptor cross-linking, activation, and degradation.
These studies also underscore that the nature of receptor-antibody interaction is
unique for each antibody-receptor pair and that emerging learnings about factors
that facilitate transcytosis cannot be broadly applied to all BBB carriers.

Ligand-Receptor Interaction in Acidic pH It has been observed that soon after
internalization, many receptors that need to be recycled are uncoupled from their
ligands at acidic pH in different endosomal compartments (such as EEs and MVBs)
during the sorting processes (Goldstein et al. 1985; Scott et al. 2014), while the
ligand may continue to sort to other destinations. To test whether such phenomenon
may also facilitate antibody transcytosis, an anti-TfR antibody with reduced affinity
at pH 5.5 was developed; this antibody demonstrated significant transcytosis, while
pH-independent antibodies of comparable affinities at pH 7.4 remained associated
with intracellular vesicular compartments (Sade et al. 2014). Therefore, another
strategy to improve BBB crossing is to develop antibody variants that have different
affinity interactions with the RMT receptor at different pHs.
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Fc Format While an Fc domain of IgG is known to prolong circulatory half-life of
antibodies through binding, internalization, and recycling in endothelial cells medi-
ated by the neonatal Fc receptor (FcRn) (Giragossian et al. 2013), the presence of
Fc domain has also been shown to enhance BBB permeability of BBB-crossing FC5
VyH. When expressed in fusion with the human Fc in either monovalent or bivalent
format, FC5 demonstrated improved BBB transcytosis in vitro, enhanced CSF lev-
els, and improved pharmacodynamic potency in vivo compared to FC5 VyH without
the Fc (Farrington et al. 2014; Haqqgani et al. 2018a). While the in vivo enhance-
ments were largely due to prolonging of circulatory half-life, the increased BBB
transcytosis in vitro might be due partially to FcRn-based rescue from intracellular
lysosomal degradation (Lencer and Blumberg 2005). Thus, the addition of Fc to
single-domain or single-chain antibodies (or non-antibody ligands) against RMT
receptors may not only help extend systemic pharmacokinetics but also improve the
efficiency of BBB transcytosis.

Antibody Position in the Construct A position of the anti-RMT receptor anti-
body in the bispecific construct may affect the efficiency of its transcytosis. For
example, a placement of the FC5 on the C-terminus of the Fc or an antibody cargo
resulted in low BBB transcytosis; however, FC5 fused to the N-terminal of Fc
(Farrington et al., 2014) or heavy (or light) chain of an antibody (Webster et al.,
2016) retained its ability to shuttle cargo across the BBB, suggesting that the
N-terminus of FCS5 is important for conformational antigen binding that triggers
transcytosis.

3.4 Conclusions

In conclusion, we have described some of the key steps involved in the RMT pro-
cess and different sorting pathways undertaken by various BBB-crossing antibodies
as they “travel” through the BBB. It is apparent that the RMT process is a complex
set of cross-communicating pathways comprising of various endocytosing, sorting,
and exocytosing sub-pathways. We have assigned individual route(s) to some of the
known RMT receptors, which they utilize for transporting ligands across the BBB
(Table 3.1). Through better understanding of the RMT of antibodies, several key
antibody attributes that facilitate abluminal release have been discovered and engi-
neered to improve their BBB-crossing ability. With discovery of new RMT recep-
tors and development of new carrier antibodies, we believe that these factors may
serve as an initial guide for improving brain penetration of bispecific antibody
therapeutics.
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